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Abstract 
A major class of work on absorption-based capture systems is the prediction of separation plant performance for various solvents 
and solvent mixtures.  Typically, equilibrium or rate-based models are used to compute the imposed load (reduction in net 
electrical output from a power plant) for separation using a given solvent, possibly optimizing over process parameters (such as 
stripper pressure).  This analysis is frequently repeated for each solvent considered.  While this type of work shows the potential 
of each solvent, it does not predict the performance of solvent-based capture systems in general, nor does any single analysis 
show how an energetically-optimal solvent would behave. 
In our modeling approach, we choose a specific process architecture, beginning with a standard absorber/stripper configuration, 
but do not choose a specific solvent.  By adjusting the solvent properties as well as process parameters, we seek to find the 
properties of the energetically-optimal solvent for a given process configuration, and the imposed load when using that solvent in 
that process.  We also demonstrate that the accuracy of the steam cycle model can have a significant impact on the optimization 
of the capture process. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Motivation 
A major class of work on absorption-based CO2 capture systems is the prediction of capture system performance 
for various solvents and solvent mixtures.  Equilibrium or rate-based models are used to compute the imposed load 
(the reduction in net electrical output from a power plant, also called parasitic load, equivalent energy, or equivalent 
work) for separation using a given solvent, possibly optimizing over process parameters, such as reboiler 
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temperature and lean loading.  This analysis is frequently repeated for each solvent considered.  While this type of 
work shows the potential of each solvent, it does not predict the performance of solvent-based capture systems in 
general, nor does any single analysis show how an energetically-optimal solvent would behave. 
 
Nomenclature 
P*CO2 vapor pressure of CO2 in equilibrium with loaded solvent solution 
Psat,H2O vapor pressure of pure water or other co-solvent 
Pstr stripper pressure 
Qreb reboiler duty 
SOL solvent (e.g. amine) 
Tfeed stripper feed temperature 
Tflash temperature after flash stage 
Treb reboiler temperature 
Tsat saturation temperature of steam 
Tsink sink temperature (cooling water temperature plus exchanger approach) 
Wcomp compression work 
Xi molar flow rate of species i in stream X 
xSOL solvent mole fraction in solvent solution 
α loading (mol CO2/mol alkalinity) 
Δhabs enthalpy of absorption 
Δhfg latent heat of vaporization of water or other co-solvent 
ΔTxhxr lean-rich cross-exchanger approach 
 
In our modeling approach, we choose a specific process architecture, beginning with a standard absorber/stripper 
configuration, but do not choose a specific solvent.  Instead fixing solvent properties, we treat them as model inputs 
that can be adjusted along with the system operating conditions.  These (potentially fictitious) solvent parameters 
should be thermodynamically self-consistent, but otherwise do not need to correspond to the properties of known 
molecules.  By adjusting the solvent properties as well as process parameters, we seek to find the properties of the 
energetically-optimal solvent for a given process configuration, and the imposed load when using that solvent in that 
process. 
Similar approaches have been used before [1,2], but our approach differs in that we accurately account for the 
impact of steam extraction and allow greater variation of solvent properties.  The model presented here is simplified, 
and we do not propose the optimum solvent and system in this work, but we begin the process of evaluating solvents 
by optimizing the system and the solvent simultaneously. 
2. Description of model 
2.1. Model system 
To illustrate this technique without the complexities of an advanced flow sheet, a process modeling tool, or non-
ideal thermodynamic property models, we develop a simple model of a basic temperature-swing absorption system.  
The process is shown in Figure 1.  A description of the unit operations follows, following the solvent around the 
loop starting with the absorber at left. 
The absorber is intercooled to a specified temperature (always 40°C in this work).  The details of how the 
intercooling is achieved are not considered; all that matters is that the rich solvent at the bottom of the absorber is at 
the specified temperature, enabling the calculation of the rich loading for cases where an equilibrium absorber is 
specified.  To simulate a finite-height absorber with finite kinetics, a rich solvent composition can be specified by 
choosing the loading directly, or by specifying an equilibrium partial pressure less than that of the flue gas. 
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Fig. 1. Flow sheet of a simple temperature-swing absorption/stripping system.  Because the bubble pressure of the hot, rich solvent leaving the 
lean-rich cross-exchanger is higher than the stripper pressure, an adiabatic flash is placed before the stripper column inlet. 
The solvent flows from the absorber to the lean-rich cross-exchanger.  For this work, the temperature difference 
is specified on the hot side to simplify calculations.  The pressure of the hot, rich solvent is set equal to its bubble 
pressure, which also simplifies calculations since there is no phase change in exchanger.  The hot, rich solvent enters 
a single-stage flash ahead of the main stripping column.  In a production column, pressurized feeds are often flashed 
directly into the feed stage of the column.  For modeling purposes, the flash is broken out into a separate unit 
operation to ease accounting of the liquid and vapor flows.  The distillate is sent to the overhead condenser, which 
condenses volatile components of the solvent solution (water in the case of aqueous solvents, but other volatile co-
solvents could be used).  The condensed liquid (co-solvent) is not refluxed to the stripper.  Since the CO2 and co-
solvent are assumed to be wide-boiling, the stripper does not contain an enriching section.  Therefore, reflux is not 
crucial to the operation of the column.  The condensate would normally be returned to the solvent loop as make-up, 
though this connection is not thermodynamically important and is not shown in the figure.  The vapor, containing 
CO2 and remaining co-solvent vapor, is sent to compression.  While the figure depicts a single compressor, we 
calculated compression work via a multi-stage compressor train with intercooling and condensate knock-out.  
Thermal energy is supplied to the stripper by a kettle reboiler.  Lean solvent is drawn from the reboiler (as opposed 
to the column sump) so that the reboiler pressure can be calculated from a specified lean loading and reboiler 
temperature. 
The hot, lean solvent is cooled in the lean-rich cross-exchanger, then further cooled to the absorber temperature 
in a trim cooler.  Make-up solvent solution is added, and the solvent returns to the top of the absorber. 
2.2. Reboiler duty 
To calculate the reboiler duty, consider the control volume around the flash stage, stripper, and reboiler, shown in 
Fig. 2.  The liquid from the flash feeds an infinite-stage simple stripper.  Because the vapor from the flash (stream 
V) is in equilibrium with the liquid (L), and the gas from the column (G) is also in equilibrium with the liquid, the 
flashed vapor (V) and column gas (G) must have the same composition and state.  Therefore, no mixer is shown 
where these two streams combine; their flow rates are simply added to arrive at the distillate rate (D). 
An enthalpy balance on the control volume yields the reboiler duty, normalized by the outlet CO2 flow rate in 
stream D (Equation 1).  The overbars denote average quantities.  Because this is an illustrative model, several 
assumptions has been made: the solvent mixture is an ideal solution, the active solvent (e.g. amine) is non-volatile 
(zero vapor pressure), the co-solvent (here, water is used) is volatile, and flue gas components other than CO2 are 
insoluble.  We also assume that all CO2 absorption occurs by chemisorption, and that the overall dissolution and 
reaction of CO2 with solvent does not change the total number of moles of species in the liquid phase.  This 
assumption holds for amines such as MEA at low and moderate loadings.  At loadings above about 0.45, the 
production of bicarbonate is important. 
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Fig. 2. A portion of the flow sheet from Fig. 1 showing the stripper and surrounding equipment.  Letters (except Q) are material stream labels.  
The dashed box is the control volume used to calculate the reboiler duty, Qreb. 
ொೝ೐್
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ο݄௙௚ െ ο݄௔௕௦ (1) 
Enthalpy terms from the pressure drop in the flash stage have been excluded.  For 7 m MEA, these terms have 
magnitudes from about 1 to 3% of the terms that are shown.  The stripper pressure appears in Eqn. 1.  It is given by 
Eqn. 2 according to the ideal solution assumption. 
௦ܲ௧௥ ൌ ஼ܲைమכ ሺ ௥ܶ௘௕ǡ ߙ௟௘௔௡ሻ ൅ ሺͳ െ ݔௌை௅ሻ ௦ܲ௔௧ǡுమைሺ ௥ܶ௘௕ሻ (2) 
The post-flash temperature Tflash also appears in Eqn. 1.  The flash calculation is eased by neglecting the change 
in solvent composition as the co-solvent vaporizes.  For 7 m MEA at typical conditions, this approximation 
introduces a small error in the stripper pressure of up to 1 kPa.  The flash calculation is then solved by finding the 
temperature Tflash that satisfies the pressure constraint 
௦ܲ௧௥ ൌ ஼ܲைమכ ቀ ௙ܶ௟௔௦௛ǡ ߙ௥௜௖௛ െ
௏಴ೀమ
ிೄೀಽቁ ൅ ሺͳ െ ݔௌை௅ሻ ௦ܲ௔௧ǡுమை൫ ௙ܶ௟௔௦௛൯, (3) 
where, from an enthalpy balance around the flash, 
௏಴ೀమ
ிೄೀಽ ൌ
஼೛ǡಷ൫்ೝ೐್ିο்ೣ೓ೣೝି்೑೗ೌೞ೓൯
௫ೄೀಽ ൜
ሺଵି௫ೄೀಽሻ௉ೞೌ೟ǡಹమೀ൫்೑೗ೌೞ೓൯
௉ೞ೟ೝିሺଵି௫ೄೀಽሻ௉ೞೌ೟ǡಹమೀ൫்೑೗ೌೞ೓൯
ο݄௙௚ െ ο݄ௗ௘௦ൠ
ିଵ
. (4) 
The major equations of the model have been introduced.  To calculate the imposed load, properties of the solvent 
solution are needed. 
2.3. Solvent properties 
The solvent properties enter the reboiler duty equation in three ways: through the specific heat, the enthalpy of 
absorption/desorption, and the equilibrium partial pressure.  A fixed fit for specific heat is used in this work, but the 
enthalpy of absorption is used as an independent variable to explore how the imposed load is a function of solvent 
properties. 
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2.3.1. Equilibrium partial pressure 
The connection between CO2 partial pressure and enthalpy of absorption through the Gibbs-Helmholtz relation is 
well known [e.g. 3,4].  We adopt this expression following from Gabrielsen, et al. [4,5], but with variable enthalpy 
of absorption. 
஼ܲைమ
כ ൌ  ቀܣ ൅ ୼௛ೌ್ೞோ் ൅ ܥߙቁ ቀ
ఈ
ଵିଶఈቁ
ଶ ǡܣ ൌ ͵ͲǤͻ͸ܥ ൌ െ͹Ǥͳͺ͹ (5) 
This approach has been used with the parameter A also being a function of Δhabs [6], but we use a fixed value as 
suggested by van Nierop, et al. [1].  The factor multiplying the exponential is a result of the 2:1 stoichiometry of 
primary amines.  Because CO2-containing species other than carbamate have been neglected to develop this 
expression, this factor causes the vapor pressure of CO2 to increase without bound as the loading approaches 0.5.  
While this behavior is not sufficient for accurate work, it is acceptable for illustrating our approach. 
2.3.2. Specific heat 
In this paper, the sensible enthalpy term of the reboiler duty includes an average specific heat times a temperature 
difference (Eqn. 1); this treatment is useful for building intuition.  The implementation of this model is somewhat 
more accurate by calculating the enthalpy difference using an integrated form of the heat capacity of loaded aqueous 
7 m MEA given by Hilliard [7, p. 493]. 
2.3.3. Co-solvent 
In this work, water serves as a co-solvent.  While aqueous systems are common, this model can treat non-aqueous 
solvents by replacing Δhfg and Psat,H2O with the latent heat and vapor pressure of another co-solvent.  Neat solvents, 
such as ionic liquids, can be treated by setting the solvent mole fraction (xSOL) to 1, which results in a vaporization 
duty of zero.  (Recall that the solvent is treated as non-volatile in this work, an approximation that becomes true in 
ionic liquid cases.) 
2.4. Compressor work 
Since wet CO2 from the stripper is typically compressed in a multistage compressor with intercooling and water 
knock-out, computing the compression work requirement as a change in Gibbs free energy of CO2 is not sufficiently 
accurate.  Although modeling this part of a capture system in detail is considerably easier than modeling a realistic 
steam cycle, we will use a similar approach to that which we are using for imposed load (described below), that is, a 
correlation fitted to a detailed model.  We adopt Eqn. 6 for the compression work [8]. 
௖ܹ௢௠௣ሺ ୩୎୫୭୪େ୓మሻ ൌ ቐ
ͶǤͷ͹ʹ ݈݊ ଵହ଴ୠୟ୰௉ೞ೟ೝ െ ͶǤͲͻ͸ǡ ௦ܲ௧௥ ൑ ͶǤͷ͸
ͶǤͲʹ͵ ݈݊ ଵହ଴ୠୟ୰௉ೞ೟ೝ െ ʹǤͳͺͳǡ ௦ܲ௧௥ ൐ ͶǤͷ͸
 (6) 
2.5. Imposed load 
A popular method for estimating the reduction in electrical output of the generator caused by steam extraction is 
to multiply the reboiler duty by a Carnot fraction and a representative turbine efficiency.  The imposed load (IL) of 
the capture system on the plant is this value plus the compression work. 
ܫܮ ൎ ߟ௧௨௥௕௜௡௘ ቀͳ െ ்ೞ೔೙ೖೞ்ೌ೟ ቁܳ௥௘௕ ൅ ௖ܹ௢௠௣  (7) 
Values of 75% and 90% have been used for the turbine efficiency [8,9].  While this Carnot fraction method is a 
useful approach for keeping the thermodynamics in mind, a more accurate value of the reduction in steam cycle 
output can be obtained by modeling a steam cycle for several amounts of extraction steam and developing an 
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empirical fit for the equivalent work value of steam.  EPRI has developed the following correlation using a steam 
cycle model in GateCycle [9]. 
ܫܮ ൎ ܳ௥௘௕൫െͲǤ͹ͳͷ͹ͳ͸ͻ ൅ ͲǤͲͲʹ͵ʹ͸Kିଵ ௦ܶ௔௧൯ ൅ ௖ܹ௢௠௣ (8) 
For all extraction steam saturation temperatures (Tsat), the 90% Carnot method undervalues steam compared to 
the EPRI correlation.  Although the fractional difference is not large, we demonstrate next that the choice of 
imposed load correlation used as a surrogate model for the steam cycle can have a significant effect on the 
optimization of the capture system. 
3. Model Results 
3.1. Effect of imposed load correlation 
Before running the model with varying solvent properties, we present results for a fixed solvent to illustrate the 
importance of using an imposed load correlation that accurately represents the response of the steam cycle to steam 
extraction.  Fig. 3(a) shows the imposed load for 7 m MEA as a function of reboiler temperature.  The temperature 
range shown is approximately the range of validity for Eqn. 8.  Although MEA would degrade at the higher 
temperatures, we can imagine a solvent with vapor liquid equilibrium (VLE) behavior similar to MEA that can 
withstand these temperatures.  The total imposed load is shown, along with the contributions from the compression 
work, and the reboiler duty converted to an imposed load basis.  Fig. 3(b) shows the imposed load results for a 
model that is identical except that Eqn. 7 is used for imposed load.  Although the compressor work and reboiler duty 
are the same between the two cases, in case (b) the reboiler imposed load is lower.  Furthermore, the slope of 
reboiler imposed load with respect to temperature is lower, corresponding to the fact that the undervaluation of 
steam by the 90% of Carnot fraction correlation is progressively worse as the extraction saturation temperature 
increases.  The result is that the total imposed load is minimized for low reboiler temperature with the EPRI 
correlation, and minimized for high reboiler temperature with 90% Carnot. 
 
 
Fig. 3. Imposed load as a function of reboiler temperature, for 7 m MEA, lean and rich loadings corresponding to 0.5 and 5 kPa, 5 K approach in 
cross exchanger and reboiler, and imposed load computed using (a) the EPRI-developed correlation (Eqn. 8), and (b) 90% of Carnot (Eqn. 7). 
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This difference highlights the fact that for power plant applications, the capture plant cannot be evaluated alone.  
Indeed, the capture plant and its integration with the steam cycle are identical in these two cases.  The only 
difference is the accuracy with which the effect of steam extraction on electric generation has been evaluated.  This 
simulation shows that a low temperature reboiler is optimal, but this is based on one particular steam cycle at one set 
of environmental conditions (location).  For new build and retrofits, the steam cycle should be characterized 
carefully to ensure that the capture plant is optimized properly.  Obviously, the design conditions of the capture 
plant should correspond to the true optimum (thermodynamic or economic), not a false optimum indicated by low-
fidelity modeling. 
3.2. Simultaneous optimization of reboiler temperature and lean loading 
Next, we continue simulations with 7 m MEA, but remove the constraint of lean loading corresponding to 0.5 
kPa.  We vary lean loading in addition to reboiler temperature, and present the imposed load as contour plots in Fig. 
4.  Again, case (a) is using the EPRI imposed load formula, and (b) is 90% Carnot.  For this solvent model, 0.5 kPa 
corresponds to a lean loading of 0.38, so the values on these contour plots at a lean loading of 0.38 correspond to 
Fig. 3 above. 
For case (b), the global optimum within the region shown is at the highest reboiler temperature, with a lean 
loading of 0.34.  At a lower temperature that amines can tolerate (390 K), the best lean loading is 0.36.  In contrast, 
for case (a), the optimum occurs at low reboiler temperature. 
With either imposed load correlation, the imposed load is not highly sensitive to lean loading for low reboiler 
temperatures.  Under analysis with 90% Carnot, a more significant reduction in imposed load can be obtained by 
using higher reboiler temperature with lean loadings around 0.35.  Since the improved imposed load correlation 
indicated that low reboiler temperatures may be desirable, the low lean loading scenarios are of interest.  If the high 
and low lean loading cases have about the same imposed load, the low lean loading case may be preferred after cost 
analysis since the much lower solvent flow rate will reduce the size of pumps and heat exchangers, and the pumping 
work requirement.  A large reduction in the capital and operating cost of these pieces of equipment based on reduced 
flow rate could offset an increase in the same sizes and costs due to higher viscosity that is often seen with non-
conventional solvents. 
 
 
Fig. 4. Contour plots of imposed load as a function of reboiler temperature and lean loading for 7 m MEA, rich loading corresponding to 5 kPa, 
and imposed load calculated using (a) the EPRI correlation and (b) 90% Carnot. 
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Fig. 5. Contour plots of imposed load as a function of reboiler temperature and enthalpy of absorption for 7 m MEA, (a) rich loading 
corresponding to 5 kPa (a finite-height absorber), and (b) rich loading corresponding to 13.7 kPa (an infinite-height absorber).  The optimum 
enthalpy of absorption is a function of the absorber height. 
3.3. Effect of changing system parameters on optimum solvent properties 
Now we move to an example of optimizing a system parameter and the solvent behavior simultaneously.  We 
will again vary the reboiler temperature, but, in the interest of keeping the number of varied parameters to two, we 
return to a fixed lean loading corresponding to 0.5 kPa.  The solvent behavior is varied by changing the enthalpy of 
absorption.  In Fig. 5(a), the rich loading corresponds to 5 kPa as was used earlier.  In Fig. 5(b), the rich loading 
corresponds to 13.7 kPa (equilibrium with flue gas containing 13.5 mol % CO2 at 1 atm).  This case represents an 
infinitely-tall absorber, compared to a finite-height absorber in case (a).  For both cases, the imposed load is 
computed using the EPRI correlation. 
As with the earlier cases using the EPRI correlation, the lowest imposed loads occur at low reboiler temperatures.  
As the absorber increases in height (case (b)), the best imposed load decreases, as expected. More importantly, the 
optimum enthalpy of absorption changes.  For case (a), the optimum Δhabs is -75.5 kJ/mol.  For case (b), the 
optimum is -73.5 kJ/mol.  In this scenario, the optimum solvent is shown to be function of the absorber height. 
4. Conclusions 
We have presented a simplified model of a temperature swing absorption CO2 capture system with no phase 
change in the lean-rich exchanger, a simple stripper, and multistage CO2 compression attached to a fossil-fuel steam 
cycle power plant.  While the example of using this model that are shown use aqueous 7 m MEA as the solvent, we 
emphasize that the model is valid for any chemical solvent that can be approximated as non-volatile, with or without 
a volatile co-solvent. 
Use of this model demonstrates the importance of using an accurate representation of the steam cycle when 
designing the capture system.  In the example given, the higher valuation of steam given by the EPRI-developed 
correlation compared to a turbine efficiency and Carnot fraction points towards using a low temperature rather than 
a high temperature reboiler.  The higher value of steam means that it is preferable to run a low-temperature, low-
pressure reboiler, at the expense of an increase in compression work.  When steam is less valuable (due to 
differences in modeling, or a steam cycle that is actually less efficient), the conclusion is that a high-temperature 
reboiler is optimal. 
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When optimizing the reboiler temperature and lean loading together, the effect of steam valuation is more 
interesting.  At low reboiler temperatures, there is a small difference in imposed load between small and large values 
of lean loading.  When less value is placed on steam, this insensitivity to lean load is not important since the global 
optimum is at high reboiler temperature and high lean loading.  With more value placed on steam, since a low 
reboiler temperature is preferred, operation at very low lean loading become feasible.  The resulting high cycling 
loading may dramatically reduce the solvent flow rate, saving on capital costs and pumping work.  With less solvent 
to pump and heat exchange, higher viscosity non-traditional solvents may receive more consideration as economical 
alternatives to aqueous amines. 
In the last example, the enthalpy of absorption of the optimal solvent is a function of the height of the absorber 
(which affects the rich loading, all reaction and mass transfer kinetics being equal).  While this optimization was run 
over one solvent parameter within one solvent family, and one operating parameter of one capture system flow 
sheet, this example demonstrates that the solvent and the system (as well as the steam cycle) should not be 
optimized individually. 
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